Sterile neutrinos can be generated in the early universe through oscillations with active neutrinos and represent a popular and well-studied candidate for our universe's dark matter. Stringent constraints from X-ray and gamma-ray line searches, however, have excluded the simplest of such models. In this letter, we propose a novel alternative to the standard scenario in which the mixing angle between the sterile and active neutrinos is a dynamical quantity, induced through interactions with a light axion-like field. As the energy density of the axion-like particles is diluted by Hubble expansion, the degree of mixing is reduced at late times, suppressing the decay rate and easily alleviating any tension with X-ray or gamma-ray constraints. We present a simple model which illustrates the phenomenology of this scenario, and also describe a framework in which the QCD axion is responsible for the production of sterile neutrinos in the early universe.
Introduction -The origin of neutrino masses remains one of the most important outstanding puzzles in particle physics. Although the Standard Model (SM) lacks the necessary ingredients for a dynamical explanation, a simple remedy is to include the effective Weinberg operator, (L H) 2 /Λ UV , which generates a neutrino mass of m ν ∼ v 2 /Λ UV , where v is the vacuum expectation value (vev) of the Higgs boson and Λ UV is the high-energy cutoff of the theory [1] . The most natural microscopic realization of this operator is the so-called see-saw mechanism, which introduces additional massive neutrinos uncharged under the SM gauge group [2] [3] [4] [5] [6] . After electroweak symmetry breaking, the generation of neutrino mass necessarily gives rise to a small mixing angle between the active (SM) and sterile (singlet) species. In the early universe, this mass mixing is generally too weak to thermalize the sterile neutrinos with the SM bath. As pointed out by Dodelson and Widrow [7] , however, even a very small degree of mixing can generate a significant population of sterile neutrinos through the collisions of active neutrinos with other SM particles (see also Refs. [8, 9] ). Such sterile neutrinos with mass in the range of ∼1-100 keV have long been considered as potentially viable candidates for dark matter (for a review, see Ref. [10] ).
In recent years, however, this framework has become increasingly constrained. Searches for X-ray [11] [12] [13] and gamma-ray [14] lines have resulted in strong upper limits on the lifetime of sterile neutrinos, which in turn constrains the mixing angle between the sterile and active species. When these results are combined with obser- * ORCID: http://orcid.org/0000-0002-1156-1482 † ORCID: http://orcid.org/0000-0001-8837-4127
vations associated with structure formation [15, 16] , one finds that sterile neutrinos within the context of the standard Dodelson-Widrow scenario are unable to account for the entirety of the cosmological dark matter abundance.
In light of these challenges, less minimal scenarios have been proposed in which the production rate of sterile neutrinos is enhanced in the early universe, potentially relaxing constraints from astrophysical observations. Modelbuilding efforts in this direction generally rely on either resonant enhancements or additional out-of-equilibrium processes. The former can be realized with the inclusion of a non-negligible lepton asymmetry in the early universe, which effectively modifies the matter potential of the SM neutrinos [17] . In this case, the successful predictions of Big Bang nucleosynthesis limit the degree to which the mixing can be suppressed, and only a small window of parameter space remains phenomenologically viable, corresponding to sterile neutrinos in the mass range of approximately 7-25 keV [13] . Alternatively, the second class of models explicitly incorporates new particle species, such as additional scalars that decay directly into dark matter [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . In these scenarios, however, the connection between the production and late-time decays of sterile neutrinos is blurred, essentially at the cost of introducing additional degrees-of-freedom that are not directly tied to sterile-active oscillations.
In this letter, we present a new mechanism to generate sterile neutrinos efficiently in the early universe through oscillations with active neutrinos. In contrast to the standard Dodelson-Widrow scenario, we consider sterile-active mixing that is induced through interactions with a light axion-like scalar field. Such interactions can generically promote the sterile-active mixing angle to a dynamical variable, with a value that falls over time as the scalar energy density is diluted by Hubble expansion.
Hence, the production of sterile neutrinos is facilitated in the early universe without generating any appreciable decay rate in the present era.
A simplified model -We begin by considering a simplified model that illustrates the essential elements of the scenario proposed here. This model consists of a real scalar field, φ, which couples feebly to the sterile and active neutrino mass eigenstates of the vacuum, ν s and ν. For simplicity, we assume that ν s mixes with only one species of SM neutrino, which we take to be the muon neutrino. The Lagrangian of this model is given by:
where ν s and ν are 2-component Weyl spinors, and m νs and m ν are the corresponding vacuum Majorana masses. Although we assume that any mixing between ν s and ν is negligible in the vacuum, the presence of the φ background leads to the following effective mixing angle between these states:
where we have taken g φ 1 and m ν m νs (for a related effect potentially relevant for terrestrial neutrino oscillation experiments, see Ref. [28] ). Although these interactions will also induce a shift in the masses of the sterile and active neutrinos, this contribution is given by δm sin θ eff m νs and is negligible for the range of parameters considered here.
If φ is sufficiently light, its large phase-space occupancy causes it to behave as a coherent oscillating field. In this case, its time evolution can be approximated by a planewave solution to the classical equation of motion,
where ρ φ is the energy density of the field. For m φ H, the energy density of φ evolves as non-relativistic matter, ρ φ ∝ T 3 , where T is the temperature of the SM bath. The production of ν s in the early universe is governed by the time-averaged value of sin 2 2θ eff , which from Eqs. (2) and (3) is given by:
The ratio of the neutrino number densities, r ≡ n νs /n ν , evolves according to the Boltzmann equation, which can be written as:
where primes denote differentiation with respect to the temperature, H is the rate of Hubble expansion, R is the scale factor, and g * is the effective number of relativistic degrees-of-freedom [7, 29] . In the limit that g * is approximately constant, γ/H corresponds to the number of sterile neutrinos, relative to active neutrinos, that is produced in each log-interval of T . The quantity γ is given by:
where θ m is the modified effective mixing angle, including finite-temperature matter effects. We will work in the limit of a negligible initial lepton asymmetry, in which case
where ∆ ≡ m 2 νs /2E ν and V T is the matter-induced thermal potential,
where ρ ν, is the energy density of the active neutrinos and leptons of the same flavor, respectively. In Eq. (6), m is the finite-temperature neutrino oscillation length,
and Γ ν is the neutrino opacity or the total interaction rate of ν with the SM bath [29] . In general, Γ ν is a function of both E ν and T . For the case of ν = ν µ , Γ ν has recently been calculated up to temperatures of 10 GeV, including effects from three-body fusions [30] . We utilize these publicly available results in the calculations described below. The quantity γ/H is strongly dependent on temperature, peaking in the standard Dodelson-Widrow case at T max 133 MeV × (m νs / keV) 1/3 and falling off rapidly at temperatures both above and below this value [7] . In the scenario proposed here, the production rate is enhanced at early times, sin 2 2θ eff ∝ T 3 , leading to values of T max that are larger than those found in the standard case by roughly a factor of two.
By numerically solving Eq. (5), we calculate the final abundance of sterile neutrinos that is generated in this scenario. In Fig. 1 , we highlight in brown the regions of parameter space in which the abundance of sterile neutrinos (along with a sub-dominant contribution of light axion-like scalars) matches the measured cosmological dark matter density. We also show as a blue region the range of parameter space in which m φ 3 H(T max ). In this case, φ behaves as an overdamped oscillator, and is approximately frozen in place at a value of φ 2 ρ φ /m φ . We take ρ φ to be a constant until m φ 3 H, at which point we evolve the density as non-relativistic matter, ρ φ ∼ R −3 . Compared to larger masses, ρ φ (T max ) is suppressed in this case by an approximate factor of ( √ m φ m pl /T max ) 3 , and hence much Simplified Model smaller values of m φ are needed to generate an appropriate abundance of sterile neutrinos. For m φ 3 H(T max ), this model uniquely predicts the degree of sterile-active neutrino mixing at present times, denoted as sin 2 2θ eff 0 . This is especially relevant for X-ray or gamma-ray line searches, which are sensitive to the loop-induced decay, ν s → ν γ. The width for this process is given by [31] :
In Fig. 2 , we plot sin 2 2θ eff 0 as a function of m νs , fixing the other parameters of the model to generate an abundance of sterile neutrinos equal to the measured dark matter density. We compare this to the current limits from astrophysical searches for X-ray and gamma-ray spectral lines. In particular, for sterile neutrino masses less than 50 keV, the NuStar and Chandra X-ray satellites provide the strongest limits [13] . For more massive sterile neutrinos, observations from INTEGRAL [11, 12] and Fermi-LAT [14] are most restrictive.
In the case of axion-assisted mixing between the sterile and active neutrino species, we note that the decay rate per volume is proportional not only to the number density of sterile neutrinos, but also to the density of the axion-like scalar. Since both of these number densities are expected to trace the overall distribution of dark matter, the angular distribution of decay products will resemble that generally predicted from dark matter annihilations (rather than that from decays). To account for this, we have recast the limits from Fermi-LAT for the case of annihilating dark matter (shown as a green dashed line). As INTEGRAL, NuStar and Chandra 
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Constraints from X-ray and gamma-ray line searches on the parameter space for sterile neutrino dark matter. The solid lines represent the case of standard Dodelson-Widrow production, which is excluded by these observations. The dashed lines, in contrast, denote the result for the axionassisted scenario proposed here. In the upper-right region of the plane, the sterile neutrino lifetime is shorter than the age of the universe in the Dodelson-Widrow case, including both decays to νγ and to ννν.
have not presented constraints on dark matter annihilation to spectral lines, we do not recast their results within the context of this model. From this figure, we see that the entire parameter space associated with the standard Dodelson-Widrow scenario is excluded by these constraints.
1 In contrast, the relevant parameter space for axion-assisted production involves extremely suppressed mixing angles and remains completely hidden from all past and projected searches for spectral lines. Contrary to standard production mechanisms, our framework easily accommodates sterile neutrinos with masses up to or above the weak scale.
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Within the context of this simplified model, the coupling g φ also leads to the decay of the sterile neutrino to an active neutrino and a scalar, with a width given by:
Based on constraints on the dark matter's lifetime from the power spectrum of the cosmic microwave back-ground [32] , this width translates within the parameter space of Fig. 1 into an upper limit on the scalar mass of m φ < ∼ 10 −5 eV × (ρ φ /10 −2 ρ DM ) 1/2 . Such decays could potentially be constrained with both neutrino telescopes [33] [34] [35] and X-ray or gamma-ray telescopes, through axion-photon conversion [36] . Note that we show regions with larger values of m φ in this figure in anticipation of the discussion of the QCD axion case, for which the width for such decays is strongly suppressed.
We note that as g φ leads to a quadratically divergent correction to m 2 φ , naturalness of the theory suggests that m φ g φ Λ UV /4π. In the relevant parameter space in which the abundance of ν s is equal to the observed dark matter density, this implies that our simplified model is technically natural for a cutoff as large as Λ UV ∼ 400 TeV × (m νs /100 keV) 1/2 (ρ φ /10 −2 ρ DM ) 1/2 . The case of the QCD axion -The phenomenology outlined above can easily be embedded into a framework involving the QCD axion. We begin by briefly describing a simple see-saw model involving only a single generation of leptons. In this case, we add to the SM a gauge singlet neutrino, N , which couples to a single lepton doublet, L, through the SM Higgs boson, H. The relevant interactions and mass terms are written as follows:
For generality, we will treat both y ν and M N as complex, although one of these phases may be set to zero through an appropriate field redefinition. The phases are parameterized as follows:
In the limit that |M N | |y ν |v, the gauge eigenstates, ν and N , are decomposed in terms of the mass eigenstates, ν and ν s ,
where the vacuum mixing angle is given by:
The states ν and ν s are predominantly SM-like and singlet-like, respectively, with masses as follows:
The standard QCD axion, a, is a pseudo-goldstone boson which possesses a continuous shift symmetry that is broken to a discrete shift symmetry by non-perturbative QCD effects. Respecting these symmetries, a natural generalization of Eq. (12) would involve promoting φ ν or φ N to the dynamical field, a/f a , where f a is the scale 
The coupling between the QCD axion and neutrinos required to generate a dark matter abundance that is dominantly composed of sterile neutrinos. To the right of the blue dot-dashed line, ma(Tmax) > 3 H(Tmax) only if fa 10 9 GeV, in conflict with astrophysical observations. In the yellow region, the decay νs → ν φ is in conflict with measurements of the cosmic microwave background.
of Peccei-Quinn breaking. However, as seen explicitly in Eq. (14), the axion would appear in this case as an overall phase in the physical states and hence could not affect the survival probabilities, | ν (t)|ν (0) | 2 , relevant for sterile-active oscillations.
Instead, we incorporate the QCD axion into our model by modifying Eq. (12) as follows:
Since a non-zero value of g a breaks the discrete shift symmetry entirely, it is technically natural for this coupling to be small. Aside from this non-standard coupling, a has all of the properties of the QCD axion. Note that a similar interaction has recently been invoked within the context of relaxion solutions to the electroweak hierarchy problem [37] . In the limit that the vacuum mixing angle is negligible, we follow the same steps that lead to Eq. (15) . This generates the following effective mixing angle between the sterile and active neutrino species:
where m π and f π are the pion mass and decay constant, respectively, and we have used the fact that the zero temperature axion mass is m
At temperatures above O(100) MeV, the contributions from QCD instatons are suppressed, and m a is temperature-dependent. In estimating the quantity m a (T )/m 0 a , we have adopted results from Ref. [38] . Conservation of the comoving number of non-relativistic quanta then allows us to scale the axion energy density as ρ a ∝ m a (T )/R 3 .
In determining the contribution from Eq. (18) to the production of sterile neutrino dark matter, the analysis is nearly identical to that laid out in Eqs. (5)- (9), aside from the additional temperature dependence in the quantity m a (T )/m 0 a . In Fig. 3 , we display values of the coupling, g a , that are needed to populate an acceptable density of sterile neutrino dark matter in this model, assuming that the QCD axion only constitutes a small fraction of the presently observed dark matter energy density. In particular, in lieu of tuning, misalignment production generally leads to ρ a ∼ 10 −2 ρ DM for f a ∼ 2 × 10 9 GeV, corresponding to an axion mass of m 0 a ∼ 2 × 10 −3 eV [39] . In generating Fig. 3 GeV, in conflict with bounds from supernova cooling [40, 41] . Similar to as found in the simplified model analysis, the mixing angle today is comparable to that of Fig. 2 , and is many orders of magnitude below limits derived from spectral line searches. We also point out that the decay of a sterile neutrino into an active neutrino and an axion is strongly suppressed in this scenario, by a factor of v 2 /2f 2 a relative to the simplified model discussed earlier in this letter. Thus only for m νs 1 MeV are such decays in conflict with measurements of the cosmic microwave background [32] .
One possible consequence of this scenario is that the subdominant population of thermal axions could potentially contribute at an observable level to the energy density of radiation in the early universe, perhaps within the reach of next generation cosmic microwave background experiments [42] .
Summary and Conclusions -Sterile neutrinos as dark matter are in considerable tension with the results of X-ray and gamma-ray line searches unless one invokes features such as a large primoridal lepton asymmetry or out-of-equilibrium decays. This tension results from the fact that the mixing angle responsible for the production of sterile neutrinos in the early universe is directly connected to the decay rate of these particles at late times. In this letter, we break this connection by proposing that the mixing angle between the sterile and active neutrino species may be a dynamical quantity that is induced through the interactions with a light axion-like field. As the energy density of this field is diluted over cosmological history, so is the degree of mixing, alleviating all tension with X-ray and gamma-ray observations.
We have presented a simple model to illustrate the phenomenology of this scenario, and also described how sterile-active mixing could be generated through interactions with the QCD axion. In the simplified model, we found that sterile neutrinos could make up all of the dark matter over a wide range of masses, from the keV-scale to the weak scale and above. In the case of the QCD axion, sterile neutrinos with masses up to an MeV are possible.
